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ABSTRACT

Prev ious ly  deve loped one-d imens iona l  and two -d imens iona l

computer models for pred ic t ing turbo je t  tes t  ce l l  performance

were compared with data obtained from a subscale test cell

for the purpose of model validation. Comparisons were made

for a var ie ty  of con f i gu ra t i ons  and f low ra tes. A mod i f ied

one-d imens iona l  model was found to reasonab ly  p red ic t  the

va r ia t i on  of augmentat ion ra t io  w i t h  engine f low rate ,

al though predic ted magni tudes were c o n s i s t e n t l y  too s m a l l .

The model incor pora ted e x c e s s i v e  drag l o s s e s  and an inaccu-

rate j e t  spread in g parameter for large engine-au gmentor

spac ings .  The two- d imens iona l  model accuratel y predicted

exper imenta l  ve loc i t y  p ro f i les , but overp red ic ted  pressure

var i a ti ons , except for low engine exit Mach numbers .

4

— — — - ---— - ----.-—-— —. —.-.--— - -
~~~~.



TABLE OF CONTENTS

I. INTRODUCTION 9

II. METHOD OF INVESTIGATION 15

III. EXPERIMENTAL APPARATUS 1 6

A. TEST CELL 1 6

B. ENGINE AND AUGMENTOR 17

C. INSTRUMENTATION 18

D. DATA ACQUISITION 1 9

IV .  EXPERIMENTAL PROCEDURES 20

A .  TEST PROCEDURES 20

B. DATA REDUCTION 21

C. TEST CONDITIONS 22

V.  MODELS TESTED 23

A. ONE -D IMENSIONAL MODEL 23

B. TWO-DIMENSIONAL MODEL 26

V I. RESULTS AND DISCUSSION 28

A. ONE -DIMENSIONAL MODEL 28

B. TWO -DIMENSIONAL MODEL 31

V II. CONCLUSIONS AND RECOMMENDATIONS 35

A. ONE -D IMENSIONAL MODEL 35

B. TWO -DIMENSIONAL MODEL 36

LIST OF RE FERENCES 66

INITIAL DIST RIBUTION LIST 68

5



LIST OF TABLES

I. TEST CONDITIONS 22

6 

- —--.—- •
~~

—::-__ 

— .~~_ . i . . _ — - - .— .~ — 
. 

. -  — - .- -



LIST OF FIGURES

1 . Schemat ic of Typical Turbojet Test Cell 38

2. Cell Tes t Section 39

3 . Au gmen tor Tu be and Stack Trans la ti on A pp ara tus  40

4. End V iew of Test  Sect ion (Fac ing  Upstr eam) 41

5. Engine-Augmentor In ter face Geometry 41

6 . Au gmen tor Inlet V a r i a t i o n s  42

7. One-D imensional Model Geometry 42

8. Augmentation Ratio Vs. Spacing (Test Cell) 43

9. Augmentation Ratio Vs. Spacing (Model) 44

1 0. Augmentation Ratio Vs. Flow rate (Test Cell) 45

11 . Au gmentation Ratio Vs. Flow rate (Model ) 46

12. Augmentat ion Rat io V s .  F low rate 47

13. Augmentation Ratio Vs. Flowrate 48

14. Au gmentation Ratio Vs. Flow rate 49

15. Augmentat ion Rat io V s .  Flow rate 50

16. Augmentor Ve loc i t y  Pro f i les : Flow rate = 1.0;
Spacing = 0; Augmentat ion Rat io = 1 .26; Cold Flow - 51

17. Augmentor Ve loc i t y  Pro f i les : Flow rate = 1.0;
Spacing = 1 Nozzle  Diameter ;  A ugmentat ion
Ra tio = 1.52; Cold Flow 52

18. Augmentor Velocity Profile s: Flow rate = .99;
Spacin g = 2 Nozzle Diameter s; Augmentation
Rat io = 1.55; Cold Flow 53

1 9. Augmentor Veloc ity Profiles: Flow rate = 1.52;
Spac ing = 1 Nozzle Diameter ; Augmentation
Ra tio = 1.29 ; Cold Flow 54

20. Augmentor Pressure Profile 55

21 . Augmentor Pressure Profile 56

7
_ _ _ _  ---- --— - . - —~~-~~~~ 

.
- . .  - .~~~~ . -._ _  . . .



22. Au gmentor Pressure Profile 57

23. Augmentor Pressure Profile 58

24. Augmentor Pressure Profile 59

25. Augmentor Pressure Profile 60

26. Augmentor Pressure Profile 61

27. Augmentor Pressure Profile 62

28. Augmentor Pressure Profile 63

29. Augmentor Temperature Profile 64

30. Augmentor Temperature Profile 65

8



I. INTRODUCTION

Accura te, controlled testing of high technology jet

eng ines requires a fixed installation where such engines may

be o pera ted t h rou gh ou t the i r full thrus t en ve lo pe under

cond i t ions  approx imat ing  the ins ta l led  s i t u a t i o n , and w i t h

su f f i c ien t  ins t rumenta t ion  to assess  per formance parameters .

T hese i ns tal la ti ons , je t eng i ne tes t ce l l s , have taken many

forms , among them the “Hus h-House d installed at NAS Miramar ,

CA [Ref. 1] for installed engine testing, and a Coanda design

[Ref. 2] for noise suppression. The most common cell design

(Fig. 1) is typ ically a block house type installation with

ver tic al i n l e t and exhaus t s tacks con fig ure d for ve loc ity

profile and noise control. Arrangements with horizontal

inlet and exhaust stacks exist and provide more uniform flow

profiles to the engine inlet , b ut the l ar ge c lear  a reas

needed ad jacen t to th i s ty p e cel l  p rec l ud es it s frequen t use.

Mount i ng hardware and mon it or i ng eq uip men t are p rov id ed as

appropriate to the engine under test.

Pol lution control is a major problem in the operation

of ce l l s  w ith today ’s hi g h power , h i gh mass flow en gi nes .

No ise and visible and invisible pollut ants are emitted in

quan tity . Judicial action initiated by the State of

Cal ifornia against Naval Air Station facilities in Californ ia

has brought these problems into prominence.  A tmo spher ic

po l lu t ion has been a t tacked  us i ng var i ous forms o f wa ter

9
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drop le t  adhes ion , mechan ica l  gr id  ent rapment , or e l e c t r o n i c

io n iz a t i o n , w i th  ba f f le  comb ina t ions  for a c o u s t i c  t reatment

[Ref.  3]. Good resu l ts  have been ob ta ined at HAS

Jacksonville , FL , with a water scrubbing technique to remove

po l lu tan t par ti c l e s .  Al l  thes e m e th od s are ex pens i ve and

complicated , ho wever , and simpl er ones are desired. To find

them will require a detailed understanding of test cell

aerodynamics.

In a bas ic arrangement (Fi g. 1) the engine is situated

somew here near the center of the cell to allow a near

uniform flow profile to develop. It exhausts into an aug-

mentor tube where more air is en trained from within the

ce l l, causing air to flow aroun d the engine into the

augmentor tube. The ratio of entrained air mass flow rate

to en gi ne m ass flow ra te i s known as “augmentation ratio. ”

The entrained “secondary air ” acts as a coolant for the hot

en gi ne gases , extending exhaust stack life , and as a diluent

for the exhaust products . Augmentor parameters such as

engine-augmentor spacing and augmentor diameter are important

to proper cell/engine operation due to their effect on

augmentation ratio. An excessivel y high augmentation ratio

(hi gh secondary air flow) may cause large pressure gradients

between engine inlet and exhaust planes with resu lting

i naccura te performance measuremen ts.  In add iti on , test ce l l

s truc tural li m it s mig ht be exceeded due to excess i ve ce ll

pressure reduction. Insufficient secondar y air could allow

hot exhaust gas rec irculation to the engine inlet with

10
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performa n. ..e degradat ion as we l l  as hot spots  in the augmentor

tube and exhaust stacks. Insuffici ent secondary air flow

also causes excessive density of visible emitta nts. This

may v i ola te  R i ngleman Number li m it a ti ons o f l ocal pol l u ti on

ordinances even when the pollutant output quantiti es are

w i t h i n  s p e c i f i e d  l im i t a t i ons .

Testing for optimization of engi ne-augmentor relation-

ships cannot easily be accomplished in existing, operational

test  c e l l s .  C e l l s  are schedu led  to maximum capac i t y  for

econom y reasons , ma ki ng tes t runs i nconven i en t . A l so ,

today ’ s large engines and soaring fuel costs make full scale

testing prohibitivel y exp ensive. Clearly, computer modeling

of flows provides a possible alternative.

A working, proven model would be able to predict

augmentation ratios and recirculation of hot engine exhaust

gases as a function of augmentor design. It could provide

information on the optimal location for water quenching

dev i ces nee ded to co ol ho t a fte rb urner exhaus t f lows and

save expens ive , time consuming, trial and error procedures

now used . With these capabilities , a model wou ld a ll ow a

more optimal cell de sign process than is now possible.

A number of models with some or all of these capabili-

ties are in existence. One by United Research Laboratories

[Ref. 4] uses a one- dimensional idealization combined wit h

empi r ica l  co r re l a t i on  fac to rs  to adj ust  output  va lues  of

ex it sta t ic and to ta l pressure ( to a g ree w ith ex per i men tal

resul ts)  , then generates performance data for v arious

11



au gmentor combinations. Ellin and Pucci [Ref. 5] attacked

a s i m i lar problem i n model i ng a g as ed uctor sys tem for gas

turbine powered ships. Due to differences in application ,

how ever , this model made no allowances for spacing between

nozz le  exhaus t and tube inle t , a commonl y found configura-

tion in test cells. Bailey [Ref. 6] also used the

one—d imensional idealization and accour ’ted for friction and

inlet losses through empirical data and engine -augmentor

spacing by means of theoretical spreading equations [Ref. 7]

for th e eng i ne exhaus t s tream. T h e p ro b lem was a l so

approached using two-dimensional theory by Hayes and Netzer

[Ref. 8J, w h o solv ed ell i p ti c flow eq ua ti ons.

Exper i men tal val i dati on o f th e las t two mo dels was the

sub ject of this study . The one-dimensional Bailey model is

s i mple and uses li t t le com puter ti me. It rel i es h eav ily on

emp i r ical loss fac tors w hi ch are a pp lied to f low cond iti ons

d ifferent from the original experiments . It is fundamentall y

res tr i c ted to c a lcu la ti on o f tren d s o f au gmen tat i on ra ti o

wi th variations in engine flow rate, engine augmentor

spac ing, engine diameter , and au gmen tor d i ame ter. It h as ,

on the other hand , no restrictions to cond itions of applica-

tion. It incorporates corrections for choked flow at the

en gine nozzle and the ba sic one-dimensional equations for

mass , energy , and momentum conservat ion are not limi ted by

Mach number. It does not , however , i ncorporate prov i s i ons

for han dl ing exhaust  shocks ,  or j e t  spread in g  for choked

f low cond i t ions .

12
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The two-d imensiunal model supplies a far more complete

da ta set. It predicts temperatures , velocities , p ressures ,

and turbulence leve l s  throughout the f low f i e ld  w i t h i n  the

augmentor tube and parts o f th e tes t c e l l .  It i s a more

r i gorous solu ti on o f the bas ic  conserva t i on equa ti ons and

rel ie s on emp i r ical cons tan ts onl y for th e tur b ulence

modeling and boundary conditions on vorticity . It is limited

by an assumption of incompressible flow (more accurately,

dens ity is assumed to vary with temperature and composition

but not with pressure ) which prevents accurate results above

fl ow Mach numbers of about 0.6. It is additionally weakened

by the use of stream function and vorticity as primary

var iables. These variables make the solution simpler by

elimi nating pressure from the equations and by reducing the

dependence on veloc ities. However , the recover y o f p ressure

from t}~e solution is extremely sens itive to calculations for

the stream functions. Both these areas can be strengthened

by new computation techniques . These include elliptic

equations which reduce to parabo lic in appropriate condi-

tions , a l low i ng ca lcu la t i ons to f low Mac h num bers of 1. 0,

and the use of p ressure and tempera ture as pr i mar y var i a b l es .

T hese techn i ques are curren tly be i ng i nves tig a ted a t the

Naval Pos tg ra d ua te School

All test cell models in existence which are available

in the open literature have the same bas ic drawback -- none

have been experimen tall y validated over the normal range of

test conditions found in actual test cells. Due to the wide

13 
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ran ge of assu m pti ons i ncor pora ted i n th e models , and the

unusual flow conditions found in jet engine exhaust (hot ,

hig h veloc ity core en tra i n i ng cold , stationary air), models

mus t be tested a ga i ns t exper i men tal d a ta before th ey can be

used w ith any confidence. Testing should include measure-

ment of velocity profiles in the test cell and augmentor

tube to test the validit y of inl et and exit profile assump-

ti ons mad e i n al l  models and the accurac y o f f l ow fi el d

ve loc i ty  computat ions in the two-d imens iona l  mode ls .

Accura te  measuremen ts o f flowra tes an d augmen ta ti on ra ti o

are necessary to provide inputs to the 2-0 model and to

check pred icted results in the l-D model. Pressure s and

temperatures along the augmentor tube and in the test cell

mus t be measured to provide data for comparison to 2-0

pred ictions.

To ma ke al l  these measu remen ts i n a full sca le

opera ti onal ce l l  would  b e ti me consu mi ng and cos tly for the

same reasons mentioned earlier. For these reasons , the

subsca le  tes t cel l  des ig ned an d bu i lt a t th e Naval

Postgraduate School [Ref. 9] was chosen for validation

efforts. It is substantiall y less expensive and more

conven i en t to opera te and can eas i ly an d i nex pens i~.ely be

comple tely instrumente d. Configurations can be qu ickly

var ied and data eas ily and rapidly collected and reduced.

14



II. METHOD OF INVESTIGATION

A prev iously constructed one-eighth scale turbojet test

cell [Ref. 9] was modified to increase quanti ty of obtain-

able da ta , and used in a validation study of two test cell

flow models . A one- dimensional and a two-dimensional model

were evalua ted. The cell was used to det ermine the effects

of engine -au gmentor spacing, engine mass flow rate , eng i ne

nozz le  to tal tem pera ture an d au gmen tor i nle t geome try on

augmenta tion ratio and augmentor pressure , velocity , and

temperature d i s tr i bu ti ons.  Ex per i men tall y measured p ressure ,

tem pera ture , and ve loc ity prof i les were com pare d w ith

theore t ical  pred i c ti ons.

15



III. EXPERIMENTAL APPARATUS

A. TEST CELL

Des i gn and construction of the subscale turboj et test

cell are detailed in Ref. 9 and shown in Figs. 2 and 3. The

cell is a one-eighth scale model of a NAS Alameda test cell.

A TF41 engine was scaled to one-eighth in diameter resulting

in mass flow being scaled by 1/64 to maintain flow veloci-

ties equal to those in the full scale cell. Air was drawn

into the test section throu gh a horizontal inlet with square

bellmouth and a flow straighte ning section. The test

sec ti on was enc losed  by hi nge d p l ex ig l ass  s i des to a l l ow

eas y access and v i sual mon it or i ng of th e sec ti on dur i ng

operation. The augmentor tube, equipped for interchangeable

inlets , exited the cell through a removable wall. Its

downstream end was a t tached  to a d e f l e c t o r - p l a t e - e q u i p p e d

ver t i ca l  exhaust  s t a c k .  The s t ack  was mounted on a wheel !

rail arrangement wh i ch  a l l o w e d  t r ans l a t i on  of the s tack !

augmentor assembly and resultin g changes in spacing between

the engine and augmentor tube. Removable metal grates were

Ins talled in the stack to permit v ariation in back pressure.

The engine used to simulate turbojet/turbofan tailpipe

and nozzle cond itions was a forced air ramjet supplied with

compressed air from an Allis-Chal mers , twelve-stage axial

compressor. Separate three-inch pressure lines supplied

var iable combustor (primary ) and bypass (secondary ) air.

16



The engine intake was simulated by a variable suction

six -inch line drawing through a six-inch bellmouth. The

combustor was a sudden ex pansion (or dump) type fed by

nitrogen -pressurized JP4 and ignited by a methane-oxygen

torch i n th e combus tor wa l l. T h e arran g em ent al l owe d con trol

of simulated tailpipe flow rate , nozz le  to ta l tem pera ture

and pressure, and nozzle geometry .

B. ENGINE AND AUGMENTOR

Figure 4 shows the basic placement of the ramjet in the

test section when viewed from downstream. Figure 5 shows

the geometry of the engine-au gmentor interface. Mass flow

rate could be controlled independentl y in the primary and

secondar y li nes , providing a simulation of a variable bypass

turbofan , if desired. Mixing of the primary and secondary

streams was, unfortunately, no t as com pl e te as i n an ac tual

tur bofan and i n ho t runs th e arran g emen t resul te d i n a ho t

i nner cor e of pr i mar y a i r surrounde d and pi nc h ed by col d

secondary air. Lengthening of the m ixing section will

eliminate this problem in the future. Engine-augmentor

spacing was varied by rolling the exhaust stack along its

rails. The three augmentor tube inlets primarily tested

(Fig. 6) were separate pieces , eas i ly c h ange d by the remova l

of two screws .

17



C. INSTRUMENTAT ION

Flow rates in the three-inch primary and secondary and

six -inch suction lines were measured using ASME type flow

or i f i ces and con trol le d by hand va l ves .  Pressure ta p s and

thermocouples in the test cell allowed monitoring of pres-

sures at the en gi ne i nle t an d exhaus t p lanes and am bi en t a ir

temperatures. A pres sure tap and iron -constantan thermo-

cou ple in the combust or Outer wall allowed calculation of

nozzle total temperature and pressure . Au gmentor flow

cond i t i ons were mon it ored by 27 p ressure ta p s a l on g the to p

of the tube, spaced at one-inch intervals near the upstream

and downs tream ends , spreading to four inches near the

cen ter. Twelve copper -con stantan thermocouples were also

p laced  along the tube at four - inch  i n t e r v a l s .  A l l

thermocou ples were re ferenced aga ins t  an ice water  bath.

V e l o c i t y  p ro f i l es  in the augr nentor were measured w i t h  a

pitot rake consisting of seven equally spaced small diamete r

total pressure tubes. The rake could be rotated and

transl ated to obtain vertical and horizontal profiles over

the full length of the tube. A the rmocouple was also mounted

on the center p itot tube. Velocity profiles in the cell

were measured by means o f a d i rec t read i ng anemo me ter w ith

hot wire probe. The probe had been extended sufficiently

to allow measurements across the entire he ight and width of

the cel l.

18
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0 . DATA AC Q UISITION

The data acquisition system consisted of a fully

pro grammable Hewlett -Packard desk top calculator with a

HP-9867B Mass Memory , HP-9862A Plotter , and digital tape

reader. A B. and F. Model SY 1 33 da ta log ger scanne d 48

pressure an d 20 tem pera ture c hann els per run an d p unc h ed

raw data onto a paper tape for readin g into the Hewlett-

Packard system. The da ta reduction system produced reduce d

flow ra tes , augmen ta ti on ra ti o , temperatures , and p ressures

and au toma ti cal l y p lo tte d augmen tor p ressure an d tem pera ture

prof i 1 es .

19



IV .  EXPERIMENTAL PROCEDURES

A. TEST PROCEDURES

Initial cell startup required about one hour for warmup

of the Allis-Chalmers compressor. Once air was directed

through the lines , ten to fifteen minutes were required for

temperature stabilization at the flow orifices before

accura te flow rates could be set. Once the desi red mechan-

ical configuration of the cell was fixed , flow rates were

adjus ted. Rough adjustments were made usin g water manometers

loca ted at the hand valves. Fine adjustments were made by

running fl ow rate data throu gh the data reduction system and

check ing calculated values. When the proper values were

attained , a complete set of data was processed by setting

the B. & F. data logger to scan the 40 pressure and 20

tempe ra ture c hanne l s.  The raw da ta was recor de d on p unc h ed

tape . The tape was then read into the data reduction system

for a complete data readout. When cell velocity profiles

were desired, they were obtained by manually reading and

record i ng t h e pro b e measuremen ts as it was i nser te d th rou gh

the s ide or top of the ce l l .  The p i to t  rake was a l so

re posi ti oned manual l y w h en veloc ity p ro fi les a t more th an

one tube pos ition were mea sured.

20



B. DATA REDUCTION

Existing programs for the HP9830A calculator were

mod ifi ed to handle i ncreased da ta q uan tity an d ex trac t more

i nforma ti on from the raw da ta. Flow ra tes were ca lcu l a te d

us ing ASME equations for D- .5D orifice pressure tap configu-

rations. Temperatures were obtained by curve -fitting

published thermocouple data. Pitot rake pressures were

comb i ned w ith tube wa l l  p ressure and tem pera ture measure m en ts

to calculate the velocit y profile at each position of the

rake. This velocity profile was then integrated by Simpson ’ s

rule to f ind the average  f l ow v e l o c i t y  in the tube.  The

v e l o c i t y  p ro f i l e  at the af t  end of the augmentor tube was

qui te  f la t  and var ied  only s l i gh t l y  in the tangent ia l

d irection. For all tests conducted , the average velocity at

this location was used to determine the flow rate through

the augmentor tube. This flow rate , together with the

measure d en g i ne flow ra te , allowed calcula tion of the augmen-

tation ratio. During the init ial phase of the investigation ,

the augmentation ratio determ ined in the above manner was

validated against the value determined from the test cell

velocity profile. A routine was included in the program to

au toma ti cal ly  p lot tube pre ssu re an d tem pera ture pro fi les

when desired.
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C. TEST CONDITIONS

Data were taken for the set  of test  cond i t i ons

presented in Tab le  1. The be l l mou th  data were used for 1—0

model v a l i d a t i o n  and the f la t  and s t ra igh t  augmentor in let

data were  used for 2-0 model v a l i d a t i o n .

TABLE I

TEST CONDITIONS

INLET NOZZLE FLOW RATE ENG -A UG ENG —IN LET
(lb m /sec )  SPA CING SPACING

Bel lmout h 1.0 0 -1.120
1 .5
2.0
2 .3
1.0 l . 12D 0
1 .5
2.0
2.3
1.0 2 . l 2 D  1D
1.5
2.0
2 .3
1.0 3 . 12D 20
1.5
2.0
2 .3

F la t  1.0 0
1.0 (Ho t )
1.5
1.0 10
1 .0 (Hot )
1.5
1.0 2D
1.0 (Hot )
1.5

St ra ight  1.0 0
1 .5
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V .  MODELS TESTED

A. ONE -D IMENSIONAL MODEL

The one-d imensional model tested was described by

Bailey in Ref. 6. Geometry is shown in Figure 7.

The model assum pti ons were :

1. on e-dimensional , steady
2. ad iaba t i c
3. f low uniform at cross sec t i ons  1 , 2 , and 3

4. al l  gases ideal
5. mix ing occurs in a cons tan t  area
6.
7 A 1 + A 2 = A 3

Va lues  of tube and engine nozz le  d i ame ters , nozzle

total  temperature and pressure , and secondar y  a i r  total

temperature were input.  A va lue  of nozz le  ex i t  s t a t i c

pressure (P 1 ) was se t ,  wh ich  set P 2 , and bypass air total

pressure (
~ T2a

) was assumed as atmos pheric. Initially,

was se t equal to 
~T 

From th ese , the model calculated
2

the Mach numbers , and v e l o c i t i e s  at 1 and 2. The l oss  ac ross

the augmentor in let  was then c a l c u l a t e d  us ing an empi r ica l

loss constant  for the par t icu lar  in let  being emplo yed. Th is

resu l ted in a new va lue of P12 and the process  was repeated

until s u c c e s s i v e  changes in 
~T2 became sma l l .  Pr i mar y ( 1)

and secondar y (2) mas s flow rates were calculated and used

to solve the one-d imensional equations of momentum and

energy between 1/2 and 3.
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Spread ing of a s ubson ic  j e t  w i t h  eng ine augmentor

spac ings  greater  than zero was handled by use of a sp read i ng

parameter to determine the s i ze  of the mix ing  zone at the

entrance to the augmentor t ube.  V e l o c i t y  p ro f i l es  w i t h i n

the mix ing zone were modeled by an error func t ion .  The

mix ing  zone was broken into a large number of smal l  areas

and then proper t ies  in each were c a l c u l a t e d  and summed to

so lve  the one-d imens iona l  equa t i ons .  In the case  of choked

f low (for 1-D i sen t rop ic  c o n d i t i o n s )  in the nozz le , a

correction for chok ing was applied to the nozzle flow rate

and, for the zero spacing case , the problem was handled as

before. No attempt was made in the original model to handle

the choked flow case at spacings greater than zero .

Augmentor tube wall friction in the model was approxi-

mated using an equation for a flat plate drag coefficient.

The drag coefficient was calculated using a Reynold ’ s Number

based on augmentor len gth and V = (V3 + V 2)/2 and

= (13 + T2)/2 (for determination of viscosi ~ y). Although

not mentioned in the text of Ref .  6 , an empir ica l  coe f f i c i en t

was found in the equat ion in the program l i s t i ng  wh ich

a rb i t ra r i l y  red uced the wa l l  f r i c t ion  va lue .  The coe f f i c i en t

proved essent ia l  to successfu l  o pera t ion  of the model s ince

wi thout  it, the ca l cu la ted  f low res i s tance  wa s so high that

reverse f low was predic ted in the tube for all cases  t es ted .

The use of the lower  val ue of wa l l  f r i c t i on  apparent l y  is

necessar y because of the cons ide rab le  d i f fe rence  in f la t
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p la te  ve loc i t y  p ro f i le s  from the d e v e l o p i n g  coax ia l  f low

w i th in  the augmentor tube.

To use the model as w r i t t en , v a l u e s  of nozz le  to ta l

temperature and p ressure  and secondar y a i r  to ta l  temperature

are input w i t h  geometr ies  and the head loss  fac to r  for the

tube in le t .  The pub l i shed  l i s t i ng  was mod i f i ed  s l i g h t l y  to

a l l o w  enter ing the exper imen ta l l y  obta ined va lue  of back

pressure (P 3 ) .  In the o r ig ina l  model , s o l u t i o n s  were

ob ta ined  for a number of a rb i t r a r i l y  set  v a l u e s .  The model

then c a l c u l a t e s  primary and secondary  f low ra tes  and augmen-

ta t ion  ra t io .  It is s imp le  to use and requ i res  minimal

comput ing t ime. At the same t ime , it depends heav i ly  on

empir ica l  cons tan ts  for inlet losses  and wa l l  f r i c t i on  and

the “ p lug f low ” assumpt ion  is q u e s t i o n a b l e  in the case  of

high velocity entrance flows . It provides insight on l y into

overall behav ior , with little in d ication of beha vior within

the tube and no info rmat ion  on f low pat terns in the test  ce l l

i t s e l f .

The model had p rev ious l y  been tes ted in a 1/24 th  sca le

p l e x i g l a s s  ce l l  [ Re fs .  6 and 10].  Ba i l ey  found the model

accura te ly p red i c ted the effec ts o f nozz l e to tal pressure on

* 
augmentation ratio and the v ariation of secondar y mass flow

with primar y mass flow . The region of choked nozzle flow was

avo ided since no provision was made to compute the spread of

a su person i c stre am and no val i d ca lcu la ti on coul d be made

for other than zero spacing. He discovered that published

head loss factors caused exces sive inlet losses and
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pred ic t ions  were most accu ra te  w i t h  a l oss  fac to r  of

e s s e n t i a l l y  zero . No conc l us i ve resul ts we re o btai ne d for

tests of engine-augmentor  spac ing  e f f ec t s  on augmenta t ion

rat io due to w ide ly  sca t te red  exper imen ta l  da ta .  Pub l i shed

compar i sons  were made w i th  no in let  on the augmentor tube.

B. TWO-DIMENSIONAL MODEL

The two-d imens iona l  model t es ted  was desc r ibed  by Hayes

and Netzer in Ref .  8. The model so l ved  the bas i c  equa t i ons

of mass , momentum , and energy in two -d imens iona l , e l l i p t i c

form. Stream funct ion and vo r t i c i t y  were the primary

va r iab les  for mass and momentum e f f ec t s  wh i ch  reduced

cou pling problems and made equat ion solution easier.

Temperature was the dependent va riable for energy conserva-

tion. Kinetic heating was ignored and specific heat was

cons idered constant. Turbulence effects were included in

the form of a two parameter mode l describing the effective

viscosity . The relationship used was:

2= c 2JS~~ef f

w h e r e :

nef f  
= e f f e c t i v e  v i s c o s i t y

C 1~1 
= empirical coefficient

• p = local density

K = turbulence k i ne ti c ener gy

= tu rbu lence energy d i s s i p a t i o n  rate
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The equat ions  for K and e were w r i t t e n  in e l l i p t i c  form

and the f i ve  equat ions were so l v ed  w i t h  the per fec t  gas law

to descr ibe  the f low f i e ld .  Once the s o l u t i o n  converged ,

ax ia l  and radial  pressure d i s t r i b u t i ons  were ob ta ined  from

the stream function distribution.

The equat ions were so l ved  us ing po in t-by -po int  Gauss-

Siede l w i th  un der-relaxation. The model was assumed

a x i s y m m e t r ic , and descr ibed by a 43 by 40 gr id in cy l ind r i ca l

coord ina tes .  A f la t  augmentor in let  l ip (F ig .  6) was

included in the model as an approx imat ion to the beve l led

in lets found in some ce l l s  at NARF Alameda . The straight

pipe was approximated by making this lip very small

The model had severa l  l im i t a t i ons .  The e l l i p t i c

equat ions us ing s t ream func t ion  and v o r t i c i ty  are inherent ly

l im i ted  to low subson ic  speeds .  In add i t i on , the use of

st ream funct ion and vo r t i c i t y  as pr imary v a r i a b l e s  made

c a l c u l a t e d  pressures ext remely sens iti ve to smal l  errors i n

convergence. The rectangular grid system does not allow

model ing of rounded , bel lmouth type inlets commonly found in

opera t ion .  So lu t ion  requi red an average of 170 minutes  CPU

time .~~
,, the s c h o o l ’ s IBM 360-6 7 computer .  On the plus s ide ,

it is a po ten t ia l ly  v a l u a b l e  tool for pred ic t ing  e f fec ts  of

engine-augmentor  spac ing ,  au gmentor diameter , and cell

geometry on pressure ,  ve loc i t y , and temperature d i s t r i bu t i ons

w i th in  the test  cel l  and augmentor at low engine f low

se t t i ngs .  This Informat ion is needed for op t im i za t i on  of

noise suppress ion  and chemica l  po l l u t i on  abatement techniques .
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V I .  RESULTS AND DISCUSSION

A.  ONE -DI MENSIONAL MODEL

As d i scussed  above , the model deve lop ed  by Ba i ley  was

not a p p l i c a b l e  for choked nozz le  f l ow  s ince  it did not

account  for any j e t  spread ing  or s h o c k s .  In the model ,

chok in g  was assumed to occur for the one-dimensional isen-

trop i c p ressure ra ti o (y = 1 .4 )  of 1.89.  Converg ing  nozz l es

w i th  25° half ang les  (as used in these e x p e r i m e n t s )  do not

ac tua l l y  choke until nozz le  pressure ratios in excess of 2.5

[Ref.  11] are obta ined.  This  resu l ts  from three-d imens iona l

effec ts (ra di al momen tum , etc.) which cause the lines of

constant Mach number to be convex in shape as the flow exits

the nozzle. In the experiments conducted in this investiga-

tion, pressure ratios did not exceed 2.4. For these pressure

r a t i os ,  the f low leav ing  the nozz le  wou ld  con t inue  to

acceler ate , with resulting weak shock patterns. Since the

s hoc ks are q uit e weak for th ese low p ressure ra ti os , a good

approximation for the jet behavior may be to ne glect the

shocks entirely and assume that the jet continues to

accelera te unt il the jet pressure equals the local ambient

pressure a short distance from the nozzle exit plane. The

jet could then be considered to spread in the same manner as

em ployed by Bailey for the sub sonic jet. This modification

was incorporated into the 1-0 model.
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The o r ig ina l  model genera l l y  p red ic ted  gross  trends in

cel l  per formance co r rec t l y ,  a l though  w i th  some severe

l im i ta t ions .  Ef fec ts  of eng ine-augmen tor  spac ing  on augmen-

ta t ion ra t io  are shown in F igs .  8 and 9 for the test  ce l l

and model , respectively. Experimentally, cell augmentation

rat io was found to decrease s l i gh t l y  and then leve l  off  w i th

increased spacing (Fig. 8). The level off at increased

spacing seems to indicate that the jet ceased spreading at a

po i nt abou t two nozz le  d i ame te rs d owns t ream. T h e decre a se

found at zero spacing probably resulted from flow inter-

ference by the mounting f lange of the engine nozz le  wh ich ,

at these separa t ions , was very near the tube in let .  The

model ,  wh ich  pred ic ts  cont inued j e t  spread for any d is tance

from the nozz le ,  did not predict the leveling off noted in

- the test cel l  and could not p red ic t  the “hump ” caused by

f lange b lockage .  It did pred ic t  the cor rec t  t rends for

spac ings  between about one and two nozz le  d iameters .

However , the predicted augmentation ratios were consistently

lower than the exper imenta l  v a l u e s .  In the o r ig ina l  model

chok in g was assumed to occur at the 1-0 c r i t i ca l  pressure

rat io  which  wou ld  have caused the 2.0  and 2 .2  lb m/ s e c .  cases

in Figure 9 to be choked .

The model a lso  pred ic ted the e f fec t  of chan ging f low

rate on augmentat ion ra t io  co r rec t ly .  Figure 10 shows that

augmentation ratio decreased steadil y with increasing flow

ra te in the test cell and Fig. 11 shows the same trend for
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the model . Pre di c ted au gmen ta ti on ra ti os were lower th an

those experimentally measured. This was probably due to the

e x c e s s i v e l y  high drag c a l c u l a t e d  for the tube , w h i c h  w o u l d

cause a decrease in secondar y a i r  f low for a f i xed  primary

air f low rate.  The d i f fe rence  may a l so  be the resu l t  of more

entrainment in the j et  spread ing  zone of the tes t  ce l l  than

is accounted  for in the model . The fac t  that the curves  do

not al l  descend w i t h  i nc reas in g  s p a c i n g  in Figure 10 as they

do in Figure 11 re f lec ts  the “hump ” noted ea r l i e r  in Figure 8

wh ich  has caused the zero and 1 .120 spac in g  l ines to reve rse

in order.

Figures 12 through 15 compare augmentat ion ra t io  vs

f lo w rate for model and exper iment .  As noted ear l i er , t rends

were p red ic ted  cor rec t ly  a l tho ugh ca l cu l a ted  va l ues  were

substantially lower than those measured experi mentally. The

fact  that the d ispar i ty  inc reas ed  w i t h  i nc rease d  spac ing  aga in

re f l ec t s  the inab i l i ty  of the model to accu ra te l y  pred ic t

spreading at d i s tances  greater  than about 2 nozz le  d iame te rs .

The four model points shown at a 1.3 lb m/ s e c .  f low rate

for the max i mum sp ac i ng c ase , (Fig. 15) are based on es t ima ted

da ta s i nce , for the experimental 1.0 lb m /sec. flow rate, the

mo del predicted reverse flow caused by excessive back pressure .

Th i s ag ai n i nd i ca tes tha t the model i ncor pora tes losses  th a t

are too lar ge s ince , i n th e momen tum equat i on , an i ncrease i n

drag has much the same ef fect  as an i ncrease i n b ack p ressure.

The effect of varyin g back pressure in the model on augmenta-

tion ratio is shown in Fig. 15. It is seen that model
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predictions are qui te sensitive to the back pressure .

Roughly,  a change of 0 .1% in back pr essure changes augmenta-

t ion ra t io  about 3%.

In genera l , results agreed wi th those found by Bailey

for subsonic flow and showed the same trends when the

original assumptions were applied to condi tions which would

be choked in 1-0 calculations. The model basically predicted

trends accurately. The major problems encountered were

excess i ve dra g loss es and a fa i lure of the s p rea di ng

a pp rox ima ti on beyond 2 nozzle di ame ters .

B. TWO-DIMENSIONAL MODEL

Predictions using this model were generally very

accurate when it was operated within its design limitations.

Elliptic type equations using the stream function-vorticity

var i a b les are general l y unrel i a b le for hig h sub son i c

velocities, since density is not considered to vary with

pressure (which has been removed from the equations). Model

flow rates of 1.0 lb m/sec. resulted in a nozzle exit Mach of

about 0.57 in cold flow. The higher flow condition at

1.5 lbm/sec. produced an exit Mach of about 0.86. Difficulty

was exper ienced in running compariso ns of the 1.0 f low rate

when high nozz le  total temperatures (hot f l o w )  were employed.

The model requires nozz le  ex i t  s t a t i c  temperature as an

input paramete r. An accurate va lue  for this temperature was

imposs ib le  to determine from the exper iment s  s ince the

exhaust  j e t  cons is ted  of a hot inner core at greater than
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2000 °R surrounded by a cool  b lanke t  of near ambien t  secon dar y

ai r .  Af ter  some unsa t i s fac to ry  t r ia l  and error , an average

ex i t  temperature of 900°R was assu m ed for all hot runs.

Th i s corres ponded to an ex it Mach o f a b ou t 0.8.

Velocity profile predictions for cold flow in the

au gmentor were in good agreement with experiment (Figs. 16

through 19). The model does seem to consistently predict a

slightly slower flattening of the profile than actually

occurred since it con sistently overestimated peak velocities

far downstream and underpredicted close to the nozzle. The

least accurate predict ion was at the intake lip for the zero

spacing case (Fig. 16). This is most likely due to the

extreme blockage of the flow at the tube lip in the experi-

men tal se tup . S i nce the ca lcu la ted v e loc ity mus t be

ex tracted from stream function value s , an y error in calcula-

tion of the streamlines in this rapidl y converging region

wou ld  be somewhat amp l i f i ed  in the ve loc i t y  c a l c u l a t i o n .  As

a n t i c i p a t e d, pred ic t ion  error was s l i gh t ly  greater in the

high f low rate case (F ig .  19 ) .  This was not surprising since

“pinching ” of the nozz le  f low c aused a p red ic ted cen te r l ine

acce le ra t ion  to a f low Mach number of 1.12 , about 2 .5  nozz le

diameters down the augmentor.  Su rp r i s ing l y ,  in th is case ,

the model predic ted peak ve loc i t y  at the tube in let  to

w i th in  3%.

Pressure p red ic t io ns (F igs .  20 through 28) were in

re la t i ve ly  good agreement w i t h  exper iment ,  al though not so
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impressive as the velocity results . Pressure profiles were

c a l c u l a t e d  a lon g  5 d i f fe rent  ax ia l  gr id l ines  of the tube,

ranging in pos i t ion  from near cen te r l i ne  to about m id - rad ius .

The outermost  l ines were j us t  ins ide  the edge of the lip of

the f lat  in take.  The l ine J 1 7  ( the second o u te rmos t )  was

found most accura te  for cases  w i t h  the l ip i n s t a l l e d  w h i l e

J=l8, (sli ghtly farther out) better fit those cases with no

inlet (Figs. 27 and 28). The better accuracy is found to

occur alon g ax i al l ines tha t pene tra te th e up s tr eam f low i n

the least disturbed (more ax ial flow ) region. In addition ,

accuracy is generally good at the low flow rates but degrades

markedl y a t high er mass f l ows . These results were expected

since the need to extract pressure field information from the

streamline solution through two successive approximate

der i va ti ve ca lcu l a ti ons renders p ressures ex treme ly sens iti ve

to small errors in the streamlines. This sensitivit y is

especiall y evident in the figures where the pressure drop in

the entrance section of the augmentor tube is consist ently

over p red i c ted , the error being more significant for the high

f low ra tes .

The model proved i n e f f e c t i v e  in predicting hot flow

resu l t s .  An example (F ig .  26)  shows the s tandard resu l t  -- a

grossly  excess i ve  pressure drop accompanied by ins ufficient

r ise to match downstream v a l u e s .  A n a l y s i s  of model predic-

t ions showed the nozz le  f low had acce le ra ted  from a Mach of

0.8 at the nozz le  ex i t  to a va lue greater  than Mach 1.2 a lon g

the cente r l ine , a flow reg ion where the model is not va l i d .
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Resu l ts  were s im i l a r l y  poor for hot f low temperature

predictions , (Fig. 29) where data was non -d imens iona l i zed

using the maximum temperature of the run to compens ate for

the recognize d inaccuracy of input flow temperature . While

the model cons is ten t l y  p red ic ted  gradual  m ix ing  w i th  maximum

tube wal l  tem perature at the downst ream end , the exper imenta l

data consistentl y showed peak temperature at about one-third

the length of the tube from the upstream end. The disc rep-

ancy in these temperature profiles is probably attributable

to both the high f low Mach numbers and the poor ly def ined

exper imenta l  nozz le  ex i t  temperature and v e l o c i t y  distr ibu-

t ions as d iscussed  above .  In the co ld  f low case  (F ig .  30 ) ,

agreement was e x c e l l e n t .
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V I I .  CONCLUSIONS AND RECOMMENDATIONS

A. ONE -DIMENSIONAL MODEL

The model tested has several advantages over the more

ela bor 3te 2-0 version. It used little computer time and was ,

therefore , very significantly less expensive to operate. It

a lso  was a p p l i c a b l e  over a w ider  range of cond i t i ons , not

being inherent ly  l im i ted  to low subson ic  speeds .  The model

was not capab le  of accu ra te  q u a n t i t a t i v e  p red i c t i ons  in any

f low cond i t i on ,  but , wi th  an assumpt ion  of no physical

chokin g at the nozz le  ex i t  and only weak shocks , it pred ic ted

trends accura te l y  up to f low Mach numbers of about 1 .2 .  The

model could probably be made to c l o s e l y  f i t  exper imenta l  data

by tr ial and error adj us tments  of e mpi r ica l  cons tan ts  and

then be used to cons i s t en t l y  p red ic t  cond i t ions  for a g iven

i n s t a l l a t i o n .  The heavy dependence on empi r ica l  data in the

model weakens its po ten ti al va lue as a des ig n tool s i nce

required constant s may change from installation to installa-

t ion.  Loss fac tors for unusual con fig ura tio ns , such as the

beve l l ed  augmentor i n le ts  found at NA RF A lameda , cou ld  only

be determined by add i t iona l  exper imenta l  measure ments .

The subsca le  test ce l l  u t i l i zed  in this proj ec t  can

po ten t ia l l y  be used to a l l e v i a t e  this shor tc oming by

prov iding an inex pensive and conven ient test device to

establ ish data for virtuall y any conceivable situation. It

will, however , require validati on of at least some selected
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cond i t ions  aga ins t  f u l l - s c a l e  test  ce l l  data , s ince  Reyno ld ’ s

number d i f f e rences  that e x i s t  cou ld  a l ter  tes t  r e s u l t s .

In short , before the one-d imens io na l  model cou ld  be

app l ied  as a wo rkab le  too l ,  it wou ld  requi re more exte~t s i v e

tes t ing ,  e i ther  aga ins t  the s u b s c a le  ce l l  or a f u l l - s c a l e

cell , to more accu ra te l y  determine actual  l o s s e s  in the

augmentor and the in le t .  It may a l so  requi re some more

detailed method of handling the choked flow region than is

now incor porated and an improvement in the spreading model

to handle engine-augmentor spacings greater than two nozzle

diameters . One such approximation would be to consider the

jet to remain fixed in diameter after two nozzle diameters

of spreading. A detailed future study of the mode l using the

su b scal e model over a w ide r  range of cond i t i ons  might p rov ide

the basi s for these adjustments.

B. TWO-DIMENSIONAL MODEL

This model is inherently limited to low subsonic flow

cond iti ons , a situation which renders it unusable in its

presen t form as a design tool for test cell s handling today ’ s

afterburni ng en gines.  Its quan tit a ti ve accurac y, in its

l im i ted  f low region , is ve ry good wh en p red ic t ing  ve loc iti es

in the augmentor tube, but somewhat weaker when predicting

pressures due to the need to ex t rac t  the m from st ream

funct ion informat ion.  The model used a large amount of

computing time but prov ided an enormous amount of de ta i l ed

informatio n on cel l performance , a va luab le  asse t  in a

design tool
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The model ‘ s g rea tes t  va lue probably  l i es  in its

funct ion as a s tepping stone to more adva nced 2-0 m o d e l s .

Current work is being d i rected toward  a model wh ich  utilizes

velocities and pressure as the primary variables. This

model s hould improve bo th th e accuracy an d uti lity of the

2-D model and should provide reasonable solutions for the

choked flow opera t ing con diti o ns.
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